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An analysis !■ presented of rim cooling of gu-turtina blades; 
that Is, reducing the temperature at the base of thu blade (wheel 
rim), which cools the blade by conduction alone* Formulas for too- 
pvratu re and atiwsa distributions along the blade are derived and* 
b. the use of experimental .stress' -rupture data for a typical blade 
alloy, a relation lo os tab 11 shod between blade life (time for rup- 
t-iro), operating spued, and amount of rim cooling for aovoral gas 
temperatures. Hit effect of a blade parameter combining the of feet a 
of blrdu dimono Ions, blsdo thermal conductivity, and hoat-tmoaf er 
coefficient is detomlnod. The offoct of radiation on tbo results 
lo approximated. Thu gas tempo rat urvo ranged from 1500° to 1900° F 
and th rim tamporatur^s, from 0° to 1000° F bolow the mi tompora- 
ture. This report lo conocrnod only with blades bf unifogm cross 
taction, but the conclusions drawn are generally applicable to most 
mod urn turbine blodos. For most blades, gas -temperature lacrosses 
aixi limited to about 200° F for 400° to 500° F of cooling of tho 
blade base below gas to^orature, and additional ooollng brings 
progressively moU r Increases. In ardor to obtain laoroasos In 
gas temperature of the order of 400° F either very largo Increases 
in t hemal conductivity or vory largo decreases in heat-transfer 
coefficient or blade length arc nocossary* Tho Increases In gas 
tompimtux* allowable with rim ‘ooollng are particularly small tot 
turbines of largo dimensions and hl^i spec if lo moss flows. Substan- 
tial Increases in blade life, however, are poaalblo with relatively 
small amounts of rim ooollng. Xlomgatlod duo to creep is not a 
practical limit to thu operation of moat turbine blodeo. 


Ferec*, th«- IIACA 1s conducting on Investigation of the ooollng of 
gas turblfwa that will Include direct blade cooling by the postage 


I Wm OflU CTIOH 


At the reguest of the Air Technical Service Command, Amy Air 


i \M~ /iTftlATrh 

DECLASSIFIED - Remarked 
9/16/09 


T' 


V 



-■ Afra orv fc *0#* 





DECLASSIFIED - 
Remarked 9/16/09 

• '*.w • I 1 IV/I LI/ 


UCA Ml «o. MSXZO 

jf £ 4 ‘ ndlp ’ et bUd * oooiin « 

jiEvias: st 

•fj «? c '‘*d Indirectly by^ir^i£L*J?f! ln vh!ch the bladoe 

and blade ahrouda. Xt^foSTtbSTL I ‘ST* *«<■«•• « the dl.k 
^rl«d about 500° P below b ^* 5f blede »M 

" of fcU4e coolSS .*?• Pr *** nl ^Port 

operetlnc ccndltlone by edStniZ to tonM <* turbine 

the bladoe with the nechanleal if_^L ? '■pcreturo distribution in 
ronort i. i telt * *» »»Ud. oporetlon. ft. 

et the bee*. -cooled that le, blades cooled only 


coneldejjd V" <*f^pt!ir^d^to*cenSifS^.^ 0 bl«do operation an 

cn ^ bl«4«» bojrmd the doeljm •troae, and (b) elong*. 

a^ P 1 th °. bl “ 1 * ■**•! .thS^ ETE^e t0 ««■*" 

%li *> **••« tiro limitation ta *l»r»tuw«. Actu- 

proport/ of thu material “ tolrw «t*tiofia of (ho — 

th« blade «h«fi tho l oc al pu^i fi ^f? Ctui ? # 0CCV4r * mt the point doom 

■•td can Whct5. eSJESS • l «^tlon la greater thwx tbo 
cr eorroelon are not owiSJUS. f * Ilu *'' tram Titration etresaes 

banofitc of blade cooling ky w 

**• t^P-ratuiN, blade apad locr ** 0c * la 

UStl* i” • #ro4 J««lc reaaooa bythe 10 °**laarUp 

p«pc»e for Which the turblEV 2a* uElff •*■£«>“■*** “>* the 

lire. Tho purpoae of thl* • # t**»laaa the doelMi 

cf rim eoolioi aa I nd icated h»°tk. i t0 ^•temln* the effect Irene ee 
•ture that can be 1 ? cr **»** to allowable 

blade life. The ft"*” 10 ‘toda Mach nJSbJ^T 

«crtf lee o f nm. 0ouU be obtSES 

5-u»“:^ r vis sssir 

operation are determined* toportance aa a imitation 

on a niaber^r elnpUfy 0 fth‘ ) tmlyele are de pendan t 

blade croaa a^ticS, that of “un^l. 

- toe rcauite are 2T& 


DCi 

DECLASSIFIED - 
Remarked 9/16/09 




.tfe 


■ i*<r 






DECLASSIFIED - 
Remarked 9/16/09 

ULW I iUV I 


mica m %o. vnto 


8M0U 

Mikity or xwoA it T 0# (ft/ne) 
blade crrit-MCtluMl area, (iq ft) 
timber of blades 

•ran diameter of turbine blades (2 r t - L), (ft) 
percentage elocution at any blade point 
percentage elongation of blade aetal 
total percentage elongation of blade 

fraction of blade surface area exposed to radiation from one 

aide 

acceleration of givltjr, 32.2 (ft/eec 2 ) 

heat -transfer coefficient based on T,, Btu/(hr)(eq ft)(°F) 

blade thermal conductivity, Btu/(hr)(ft)(°fr) 

blade length, (ft) 

tip Mach number Index. T/a 

limiting tip Mach amber Index, T^/a 

blade perimeter, (ft) 

radius of turbine at any point on blade, (ft) 

tip radius cf turbine, (ft) 

gas constant, 53.5 (ft-lb)/(lb)(°R) 

actual stress at any point on blade, (lb/eq In ) 

stress for rupture for given life and temperature, (Ib/sq In*) 

temperature of blade at any point, (°B) 
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t lilt crtep . - EiptrlmUl data on the creep properties of 
blade aetala give tbe percentage elongation fop a glrm life a a a 
fivtim of attil uapvrttuK and stress 


•m • •* < T » ■) 


(a) 


When equation (6) la c<mblned with tbe actual stress -distribution 
equation (3) and the tenperatura-dlatrlbutlon equation (1) or (2), 
the actual percentage elongation cf tba blade at an/ point and for 
an/ tip speed any ba found 

(9) 


S’) 


The t^tal percentage elongation cf tba blada la found by integration 
wr th* blada bel^it for any blada speed. 


•.•■(‘•S’)*® 


(10) 


Tbia equation la uaaful only for values cf T f ¥ mut because, for 
gruatur valuee, the elongation c f tba blade become* Infinite, com- 
•ponding to blade fracture. Tbe evaluation of aquation (10) any be 
carried out graphically. 


ATFL1CAII0* Of AXALTSI3 


‘ I I 


The foregoing analyata la general and appllea to any blade of 
uniform cross section. A blade aoctlon fmm assumed and the corre- 
ipnd.ng valuee of the dimensionless par— tar oL and L/r t were 
ueed to obtain quantitative reaulte. Tbeae valuee are referred to 
«e the "basic" valuea. In order to afecnr the effect of heat-tranafer 
c 'efficient, blade conductivity, and blada dlaanalona on tba reaulte, 
calculations were nada for value# of at equal to 1/5, 1/2, l, 2, 
and 3 tinea tba baelc value. A single value of t/r % wee uaed 
throuAoat baoa u ae tbe effectiveness c f cooling depends very llttlo 
on l/r t for tbe uaual range cf valuea for constant oZ,. 


tltatlve results are also dependent on tba 
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SiA— cssS&M&j. &jMt-trmnf.r oornttieimt 
Th« bee l * nhM or aL and L/r t were uUmmM frca vuum of 
tlw blade 4l»oilcni f tba blal*«iul conductivity, and tba heat- 
transfer coefficient rvpxveontatlvo of those found In modem hl<$- 
tumperatur* §m turblnea: 


Am of blade eroaa section A, eq ft 0.000728 

( yr 0.10*7 mq In.) 

n <irim#tcr nf blade eroaa auction p. ft 0.20 

(or 2.40 in.) 

Blade length L v ft 0.146 

( ">r 1.75 in.) 

Rad'ua at tip r., ft 0.570 

( rr 6.04 In.) 

Themal conductivity of the blada k, Btu/(hr)(ft)(°r) «... 12 

IU«t«tnntfor coefficient b. Btu/(hr)(aq ft)(TT) 40 

Beale value of ol 4.42 

Beale valuo of L /r % 0.26 

The vine of h f 40 Btu/(hr)(sq ft)(°F) curruepuode to relatively 
low aaaa flown; because of Uws relatively low valuo of h and the 
eh leu f a fairly abort bledo, tba basic value of aL probably la 
aa lov %e la obtainable at preeont. 

- Ibo aaaunod mechanical 

. - - — -i flgurea 2 and 5. Ifcoev 

propartita are baaed on available data (reference a 5 and 4 ) for 
5497 alloy, which la a forged f«r roue alloy, high in nickel, ohro- 
alum, and cobalt content with a deoelty of 0.31 pound par cubic Inch, 
and are extrapolated to include a vide ranger of temperatures . The 
•trvea-mpture properties (fig. 2 ) are typical of the atron^r alloy a 
now available far turbine bladee but tbo creep properties (fig* 3 ) 

«re relatively poor. 8497 vaa aa lac ted in order to aoosotuate any 
possible creep 11 ml tat lone In blade deal 91 . 

gfactlva gas temperature . - the effective gaa temperature T u 
rather than the total temperature at tbo Inlet to tho turbine T- la 
jaed in the analysis because it la the temperature that enters Into 
the beet-transfer equation. The powe r and tho efficiency of a 


c<etps%aaor -turbine unit, however, depend on T_, and the relation 
bctvnm tb« ec two Umpurmtuxva should be kn<xm. 

The effective temperature la approximately equal to the total 
t«mpuraturo relative to the moving blades; the ratio of the total 
Inlot temporatuTw to the effective temperature calculated at tho me 
bled* dlemuter ie thuiwfoxv 

/■« > . a 



F r l . c r n«tant bladv Hurh niaKr and a given velocity dlagraa, ahlch 
4c t ralr*i T w Am# Uu inlet total Umpuraturu la directly propor- 
tional to th« •ffuctlw temperature. For vxamplo, If the Itach number 
Indus in nut at 0.5 (and fi/2r t - 0.87), T-A 9 • 1.041 for V*/V a * l.S 
(typical of reaction blade*) and T g/T 0 * 1»088 for • 2.0 

(typical af Impulse blade*). 

Radiation . - Thu effect af radiation on the temperature distri- 
bution dc pu3* to a great oxtont upon the particular Inatallation of 
the turbine, vhlch do torn Inca the valuta of the temperature* T x and 
T z aa well aa the validity of the approximation* u*#d In treating 
radiation. (8oo appundlx.) Thu result* acre caloulatod without 
radiatltn, but the manner In vhlch tho varloua radiation assumptions 
modified these result a vaa investigated. 

la the application of the radiation oquatloo (2a), tho following 
assumption* mm madai 

l. 7h* average blade temperature T« uaod in tho approximation 


given In Uu appendix aa equation (15), aa* *ot equal to 
T # -(!/*) (T. - Tq); this value aa* dotomlnod by comparing tho tem- 
perature distribution given by equation (2) for several valuo* of 
T b with on* found by metrical integration of the exact different lal 
quatlon for a typical oa*o. For extremely hl0i conduct Ivltl** or 
loa hoat-tran^or coefficient*, this valuo of T a give* blade tem- 
perature* that are ali^ktly low. A sems a h at lower valuo for Tg 
would bo more accurate for this oa*e. 

2. Values of T 2 Ai <* I -Of 0.8, 0.75 9 and 0 with T x equal 
to T w wore m*md) more generally. If Tj doe* mot equal T c , 
these oamamad value* a a rr o sp o nd to value* of ♦ T 2 2 * 4 of 2.0, 

l.dSd, 1.316, and 1.0 time* tho valuo of T Q , respectively . The 
valuv j f fer a given T u depend* on the dlfforonco bofeveun 

the inlet total temperature and the affootlve pi temperature and 
on the extant to thick tho noetic* art ooolod. Thu t^pnraturu t 2 
on tho exit aide of tho blado* 1* particularly dependent on the 
Installation because the valuo of ? 2 depends on ahuthar the blade* 
eskauat to the stator* of another stage , to an . d tia u at hood, or 
directly to th* atmosphere. 
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The fic^r cF which «nur« equations (2b) and (2c), van 
tj 0.512. lb a value vaa obtained by assuming cloeel> 
a paced biad'*a for which the total blad<* -surface art a exposed to 
radi*t*r*i from althar side la approximately equal to the annul jo 
area afit . C fesequently, P vaa aat aqual to afiL/BpL which van 
evaluated a a 0.312 using the baalc blada dimension* and a value of 
B of v». The value of C vaa c one 1 dared equal to 1, which la 
c 1 ikt t th« value for oxidised metal aurfacea. 

RS30LTS AMD DISCUSSION 

I Tfectlvenaa# Jt rla cooling for Uk* 1c blade . - The over -all 
effect f ?S cSulIJ for who kaiiie blade (oL ■ 4.42) la eh own in 
f (rap* 4- red let 1 on effects and blade elongation are not Included. 
B«au the boai>* value of iL 1« 1 over than that for Moat mcdem 
turb toe, these results for the basie blade BMgr be considered npn • 
tentative of the turblcwa for which rla cooling la Boat effective. 

B ad* life la plotted on a logari thalc scale against the limiting 
Mach number index; families of curves, each for a constant effective* 
fims temperature and several amount* of rla cooling are shown. Largo 
increases In blade life can bt obtained with small Increases in the 
amount cf cooling at a constant Nash mmiber index. For example, 
increasing the amount of cooling from 200° to 400° F at a gas temper- 
ature cf 1500 F and a constant limiting Mach ntmbor index of 0.5 
results in increasing the allowable life eightfold. Because the 
turves f figure 4 are approx imately parallel, results for a single 
value .if blade life are fairly typical cf all Values. 

A cross plot of curves of the tjpe In f Iguro 4 at 1000 hours 
(fig. 5) shears the effective gas temperature as a function of the 
amount jf rim cooling for constant values of the limiting Mach number 
index. Figure 5 indicate# the effect of different amounts cf rim 
- r *c 1 ! ng n the allowable gas temperature for a given design bocauoe 
the limiting Jiach number index at which a turbine is to be operated 
is dot*rairwd by the design. 

Thu data tf figure 5 for a constant limiting 9fach number index 
of 0.5 have been replottod In figure 6 as tho increase In gas tea- 
peraturv AT t greater Uuv« that alltvubb without cooling. The 
jurrvspwllng increase in the inlet total temporaturc la frem 2 to 
1* percent greater than the value of 4T t , depending on the velocity 
i ograa cf the turbine. Lin e of censtant limiting Mach nmbor index 
of 0.4 jiad 0.6 give volume of AT that vary less than 30^ F free 
thvSe in figure € . This small effect f Mnch nmbr Index can bo 
wxpln nwd bjF th*» fact that tho lines cf constant limiting Mach nuab r 
index or *ppr .x Imate ly parallel in figure 5. At lover Halting fetch 


jeantso.^, 


Vv. 


•fr- 


alp 


rare < eif I 






uowuufnxr 

«*• »«!u„ «■ „ A “* 8572:0 

7: ™*“ 7 *“ r!o 

«u t r * t ** P#r * tur ° 8 ■ 

* "* r a ct jr Of •*f*t? 0tu jij 0 p * r “ t, 0 °^ r tilpbi^f a 5 8,T * Valued at 

? !ntd *J»W brVr!~' .”’• actual op^J^? w «*14 b» w,Sf 

Si'S-; «VS5'2 “; ai.ST^ 0 " •»«" J2L 

rail*! 1 ww 'Jffv^ctiro mm. a fegr ^ •*••• If thu 

^ * Ct ^ ^ JtT 

. for thpja ■» 

^ocnittaoa in rf# ® at 

? gas: 5a£H» , s»r ja— «««».,«. 

a^sSS^£^rsHS^. 

r &x’BS = aw5 

,M '““« “■ «5 «,s.sr S.^21r *“ 

wr t «• cenatant. 

Ml •*£££*£ t!^ rlbUt,< * 1 ln the hl^. r 

f * *- *• ‘«s° % 

ratuA. 0^.°^- a*" 0 W 

- blajf tr ^ »JT^ r < 

P >f*- **£• * * V 

"**• * v a , U o^°^ c ‘-«* i |Cai po lllt 


. ff* h f‘‘ - > ~innf 

lw 4 taon* i cvia ^ c 

^ ■*- nkESTfi* 



DECLASSIFIED - Remarked 
9/16/09 


manias at Uu not for the first auvvra I hundrnd of cool in* 

bat tkn auv#e quit* rapidly to w ar d the tip m cool In* la Increased 
(fig. 7). 


lb* variation In the toff ectlvuneaa of rla cool in* with changes 
in at ta eh wo in figure 6 for a blade life of 1000 hours. Tim 
Increase in allowable effective *aa temperature la auch greater for 
the l^r values of at; thus, for a value of T # - Tq of 600° r. 
the increase la 440° F for at of 1.47, &tf° p for 4.42, and only 
90" P for 13.28. At values of at greatsr than 4.42 there la little 
Increase In 4T # vlth increasing Mounts of cool in* ahova 300° to 
4 X) T but, fur the very lev valuta of at, AT W oontlnuoa to 
increase almost proportionally vlth T # - T 0 over tbs ant Ira range 
c nsldtoivd. Thla cool In* can ha used, of oouroa. to lnoraaas blade 
life bvjond 1000 hours bp sacrificing soma of tbs laersaao In gaa 
tenporutum; for «uapU, a sacrlflsa of about 60° P In *aa teaps r- 
atura for at of 4.42 Bakes possible a tanfold Increase In Ilfs. 

The lew values of at nsoesaary for rla cool in* to be vory 
* ff«ctlvv could possibly bo obtained by Inert * as in* the value of 
conductivity or duo rose In* the value of the boat-transfer coeffi- 
cient fron Urn basic values. For tnaslf. the value at la halvod 
If k la lnaraaaod from 12 to 48 Btu/ihrHftH*^) or if h la 
decreased froa 40 to 10 Btu/(hr)(aq ft)(°F)- OBTort unate ly, none 
of the alloys nos available for sas at hlj£ temperatures mid stresses 
has a conductivity auoh greater than 12. In a given turbine the 
increased cooling effeotlvcnoaa obtained bp increasing the conductiv- 
ity al#it bo offset by the fast that additional heat mat bo removed 
fna the blade to maintain tho same rla temperature. 

A relatively lew value of h Bl0rt bo obtained bp a proper 
adjustment of the 4esl#i velocities over the blados, bat the se veloc- 
ities on usually rue trie tod bp aerodynnmlc oaaaldoratlana. Tho ueo 
cf insulating coatings on the blade results In aaall reductions In 
thw over -all heat -transfer coefficient from the hot gases to the 
autal blade fra an Initially lew value of h 9 auoh aa 
40 Btu/(hr)(aq ft)(°F), althou^i the coating can produce relatively 
l*rg> reductions from a hid* value. For oxeaplo, If b la 40, a 
coating 0.010 inch thick vlth a conductivity of 0.8 Btu/(hr)(ft)(°F) 
will Mtiou the enroll coefficient only 8 poroont; If h la 250, 
the itau coating vlll reduce the over- all coefficient 30 percont. 

A coating, houifvr, any vwhm the blade or Increase the ratio p/A 
end thus at, which alj*t completely counteract tho favorable* effect 
of the reduction in thu t/rur-al 1 film coefficient. 


A lew value of at can also be obtained by the use cf a ebon 
. or a blade vlth a email p/A ratio. Za order to obtain tho 
mu>i flew «Bvn th blade length la decreased, the tip radius 
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•uit bo locrH ii d, obi oh moo that tbs increased cooling rffwtlw- 
OMi 1« pitted at the price of Increasing the alia of the turbine. 
The value of L/r t le also decreased in this case vlth the result 
that the calculations are not strictly applicable j It nap be shown, 
however, that althougi a decrease In L/r t causes a considerable 
Increase la the limiting Naoh number index the decrease has little 


effect on the ourves of AT, 


(fig. 


The ratio 


ct blade pj rime ter to area, vfclch depends upon the shape and tho 
sice of the blsdo, is limited by aerodynamic considerations and no 
slgilflcsBl change In ol can usually be obtained by a variation 
m p/A. 

On the other hand, large hlgh-power turbines are likely to have 
values of ah considerably greater than 4.42 for tvo r ea s o n s: 

(a) these turbines have Urge speolflc nans floss and consequently 
the value of h le greater than 40: and (b) th ase turbines have 
dimensions greater than tho basic valuoe assumed. For example, If 
the heat -transfer cooff lclont is tnorcessd frem 40 to l£Q.snd all 
the dimens tone are Kilt lpl led by 3 (thus multiplying JpfA t by 7!), 
oL is Increased from 4.42 to 13.26. 

BledecrtK/p . - the distribution of local oloogitloo due to creep 
jvor tho blad.' length and tho corresponding stress and tomperature 
distributions are sheen In figure • for a particular set of condi- 
tions. the total blade elangctlon obtained by Integration of tho 
distribution of local elongation le also given la the figure for each 
tip speed. The percentage elongation of the blade at r u p tu re depends 
primarily on the temperature at the critical point shore most of the 
donation occurs, the temperature at the critical point for effec- 
tive gee temperatures from 1400° to 1500° f la 1 a the nolgiborbood 
of 1350° F, at vhlch temperature the olongktlon of the blade le a 
maxima (rig. 3): accordingly, tho maxims: blade olongatlon for those 
gee temperatures should he the mrlmm olongatlon for any gas tem- 
perature . 

The olongatlon of the basic blsdo for a gas temperature of 
1500° F Is plotted against Mach number index for several amounts of 
cooling In figure 10. The maximal olongatlon Indicated ie only 
about one-slxtoomth inch, vhloh Is lass than most blado -tip clear- 
ances . If a s horte r blad life mere assumed, tho maxlmiK olongatlon 
at rupture would be oxpuctod to bo snmrrvhet larger end ml git bo 
excessive. far longer b Lades tho maxlKK percentage elongation Is 
oxpocted to bo shout tho mmoi for such blades, therefore, tho total 
olongatlon at rupture may bo considerably greater than allowed by 
Uvc tip eloarcneoe. 
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